Abstract
Phenols are typical organic pollutants. They are toxic and bio-refractory. Many industrial 2 processes generate effluents containing phenol compounds; for example, the production of pesticides, 3 herbicides, dyes, textiles, pharmaceuticals, pulp, paper, plastics, and detergents (1-3). Conventional 4 biological methods have not proven very effective at treating industrial wastewaters containing 5 phenol compounds. Electrochemical oxidation offers a promising technological solution to the 6 treatment of bio-refractory wastewaters, because it is environmentally clean, efficient at organic 7 degradation, easy to control, and simple in structure (4). 8 Anode materials play an important part in electrochemical oxidation technology. Different 9 anode materials lead to different electrochemical oxidation mechanisms, effectiveness and 10 efficiencies. In general, at active anodes, such as Pt, IrO 2 , and RuO 2 , the hydroxyl radicals produced 11 by water decomposition interact with the oxide anode and are transferred to the lattice of the oxide 12 anode to form chemisorbed "active oxygen" (oxygen in the oxide lattice, MO x+1 ). This oxidant 13 MO x+1 has weak oxidation ability, and thus the active anodes ha ve low reactivity regarding organic 14 oxidation (5-7). Although hydroxyl radicals do not react with non-active anodes, such as PbO 2 , SnO 2 , 15 and BDD (boron-doped diamond), the organic compounds instead react with hydroxyl radicals (·OH) 16 at non-active anodes. Because the hydroxyl radical is a strong oxidant, the PbO 2 , SnO 2 , and BDD 17 anodes exhibit high oxidation capability for degrading organic pollutants (8-14). However, compared 18 to PbO 2 and SnO 2 anodes, BDD electrodes appear to have much higher oxidation ability (9-12). 19 Recent studies (3, 15) demonstrate that the enhanced oxidation may be due to the existence of 20 different types of hydroxyl radicals at PbO 2 , SnO 2 , and BDD electrodes. At BDD anodes, the 21 hydroxyl radicals mainly exist as free hydroxyl radicals, which react effectively with organic 22 pollutants. At PbO 2 anodes, absorbed hydroxyl radicals dominate, and are not very effective for the 23 oxidation of organic compounds. At SnO 2 anodes, the organic compounds reacted with both 24 4 adsorbed hydroxyl radicals and free hydroxyl radicals. 1 Under normal operating conditions, electrochemical oxidation processes are under 2 mass-transport control (16, 17). As a result, the enhancement of mass transport would appear to be a 3 very important factor in optimizing the electrochemical oxidation processes. Many studies (18-21) 4 have proved that ultrasound can significantly improve mass transfer. It therefore seems reasonable 5 that the combination of electrochemical oxidation and ultrasound could be particularly useful. 6 Several studies (22) (23) (24) have demonstrated that enhanced electrochemical oxidation of phenol and 2, 7 4-dihydroxybenzoic acid at Pt and BDD electrodes can be attributed to improved mass transfer due 8 to the effect of ultrasound. However, to the authors' knowledge no published studies have 9 investigated the influence of ultrasound on electrochemical oxidation mechanisms. There is 10 presently confusion as to which reactions are enhanced and which are weakened by the presence of 11 ultrasound during electrochemical oxidation.
12
The present study investigates the effect of ultrasound on electrochemical oxidation 13 mechanisms at BDD and PbO 2 anodes, with the aim of gaining a better understanding of the reaction 14 mechanisms. BDD and PbO 2 electrodes were chosen because they have strong oxidation 15 characteristics, have been the subject of much research (see e.g. Reference), and promote 16 fundamentally different types of hydroxyl radicals at their surface. phenol, p-cresol, and p-methoxyphenol) at the BDD and PbO 2 anodes was performed in the absence 7 and presence of ultrasound, respectively. Figure 1 shows the evolution of substrate concentration and 8 COD during the bulk electrolysis. It can be observed that the degradation rates of the substrates and 9 COD were both improved by ultrasound. However, the enhancements varied according to the 10 particular choice of p-substituted phenol and specialized anode. 
where C(t) is the concentration at time t (in h), C 0 is the initial concentration, and k is the rate 16 constant (in h -1 ).
17
In the present study, the low-frequency ultrasound did not itself degrade the p-substituted 18 phenols; instead the degradation resulted from a synergetic process involving both ultrasound and 19 electrochemical oxidation. We estimated this synergy using the following equation: Therefore, it can be deduced that indirect electrochemical oxidation mediated by hydroxyl 22 radicals was the main reaction at BDD and PbO 2 anodes, and the improvement of p-substituted 23 phenol degradation could be mainly attributed to enhancement of this mechanism by ultrasound. At the BDD electrodes, the hydroxyl radicals mainly exist as free hydroxyl radicals, which 10 directly attack the substrates, first removing p-substituted groups from the aromatic ring. Since 11 electron-withdrawing groups are easily released, p-substituted phenols within these groups are 12 degraded faster than those within electron-donating groups. Therefore, the degradation rate of Electrochemical determination of the active zones in a high-frequency ultrasonic reactor.
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